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Abstract 
Thin titanium layers" (approximately 10 nm) 
have been grown on top of a clean Si(l l l) sub- 
strate. Heating these layers initiates a solid state 
reaction, yielding an amorphous monosilicide 
phase at about 350 °C. The kinetics of the solid 
state reaction has been followed using three-wave- 
length ellipsometry (340, 450 and 550 nm). A very 
coarse two-layer model has been applied in the 
analyses of the measured ata: a top layer of pure 
titanium is consumed by a second layer of TiSi. 
The dielectric constants of titanium and TiSi are 
known and the layer thicknesses d I and ~ have 
been fitted to the six ellipsometrical angles 
measured. These analyses reveal a diffusion- 
limited growth mechanism exhibiting two growth 
rates: a rapid initial rate followed by a slower final 
rate. The diffusion coefficient D of the rapid pro- 
cess and its activation energy E, could be obtained." 
D=2× 10 -l '  cm 2 s I at T = 370 °C and E. =0.62 
eV. The two growth rates have been attributed to 
silicon diffusion along the grains and diffusion into 
the grains. 
1. Introduction 
This paper has been written in succession to 
ref. 1, in which we have described the phase for- 
mation of the Ti-c-Si solid state reaction. Upon 
heating a thin titanium layer (approximately 10 
nm) grown on top of a clean Si( 111 ) substrate, we 
observed the growth of a metastable amorphous 
monosilicide (at about 350 °C). In this paper we 
will discuss the growth kinetics of this monosili- 
cide phase. 
*Present address: Department of Physics, Eindhoven Uni- 
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The low temperature solid state reaction has 
already been studied by Tromp et al. [2], Cham- 
bers et al. [3], Holloway and Sinclair [4] and 
Raaijmakers [5]. All these investigations agree on 
the formation of a monosilicide at low tempera- 
ture (about 400 °C); however, there is a large 
scatter among the diffusion coefficients reported. 
Ellipsometry offers the advantages of depth sen- 
sitivity (approximately 30 rim) [6, 7], an accurate 
and quantitative measurement and the availability 
of mathematical models that can be utilized in the 
analysis of the optical data. Ellipsometry is there- 
fore a most appropriate technique in the study of 
the growth kinetics of a monosilicide layer buried 
by an unreacted titanium layer. 
In the present study we have followed the 
intermixing process by three-wavelength ellip- 
sometry (it = 340, 450 and 550 nm). Data points 
comprising the A and ~p values at each wave- 
length were measured every 30 s. The optical 
time-resolved measurements of the monosilicide 
formation could be fitted to a simple planar layer 
model; a top layer of pure titanium above a 
monosilicide layer. In this way we could calculate 
the thickness of the monosilicide layer as a func- 
tion of time. Because of the immobility of tita- 
nium, silicon is shown to be the dominant moving 
species [8, 9], an amorphous silicide being 
obtained at low temperatures. 
From fundamental considerations one can dis- 
tinguish two growth modes: interface-limited and 
diffusion-limited growth [10, 11 ]. The analyses of 
our time-resolved ata agree with a diffusion- 
limited process for the monosilicide formation. 
However, two growth rates are observed: a rapid 
initial rate followed by a slower final rate The 
rapid initial growth rate could be an indication of 
enhanced silicon diffusion through atomically 
disordered regions. Such a diffusion mechanism 
has been suggested previously [2, 3, 12, 13]. 
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2. Optical analysis of the monosilicide growth 
The growth process is followed ellipsometri- 
cally at three wavelengths: 340, 450 and 550 nm. 
The experimental details can be found in ref. 1. 
One of the options we had was to measure A(t) 
and ~p(t) at these wavelengths at a fixed tempera- 
ture increment and at equal time intervals of 30 s. 
Figure 1 displays the measurement data, drawn in 
the A-~p plane, corresponding to monosilicide 
growth. Prior to the experiment the sample was 
annealed for 2 rain at T= 200 °C, allowing the 
titanium layer to relax and producing astable tita- 
nium microstructure or constant (approximately 
zero) voids fraction [6, 7]. The measurement 
commenced at a temperature of about 300 °C, 
which is increased to about 370 °C after 40 min. 
The optical data thus comprises ix independent 
quantities, the A and ~0 values for each of the 
three wavelengths. For the analysis of the first dif- 
fusion process we have assumed that a planar 
monosilicide layer grows which then consumes 
the titanium layer above. Such an intermixing 
process is easily modelled by a two-layer model, 
presuming that the dielectric constants are 
known. The dielectric function of titanium has 
been determined previously [14] and the dielec- 
tric constants on the monosilicide and c-Si have 
been obtained from ref. 1. We can thus fit this 
two-layer model to the optical data. 
The dielectric functions have been measured at 
room temperature whereas the silicide growth 
occurs at higher temperatures. This effect is 
observed in the measurements: ~0is shifted rever- 
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Fig. 1. Trajectories in the A-~0 plane of the Ti-TiSi transfor- 
mation. The dotted lines denote the experimental data. The 
solid lines denote the planar growth of a TiSi layer consum- 
ing the titanium layer above. The chain lines denote the tra- 
jectories of an initially linearly grown TiSi layer, but the final 
5 nm of titanium are converted to TiSi by a process of 
mixing. See text and Fig. 4. 
sibly to an angle of 1 o ()wing to the temperature 
increment. Because of this perturbation of the 
dielectric onstants, we have used the very coarse 
model of two pure layers which do not contain 
voids, reflecting the microstructure of the layers 
[6, 7, 151. One is forced to do so in order to limit 
the freedom of any solution, thus avoiding errors 
due to too large an ability to fit the model to the 
measured ata. Hence every time point consisting 
of six independent quantities is fitted to a two- 
layer model, yielding two optimized layer thick- 
nesses d~ and d2. For this purpose we have 
applied a linear regression analysis (LRA) pro- 
gramme based upon the Levenborg-Marquardt 
minimization routine [16 I. A similar example of 
such an analysis can be found in ref. 14. 
The analyses of the individual data points com- 
prising A and ~0 values at three wavelengths are 
depicted in Fig. 2. The result dr, the thickness of 
the titanium layer, is shown as a function of the 
TiSi thickness d2. For the five samples we see that 
the titanium layer is consumed at the same rate 
for the initially thinner layers (approximately 8 
nm of titanium) and for the thick ones (approxi- 
mately 15 nm of titanium). 
From the thickness relation and the initial tita- 
nium layer thickness we have calculated the A-~0 
curves for the sample depicted in Fig. 1. The cal- 
culated curves are denoted by the solid lines. 
Clearly shown is the large systematic discrepancy 
between these optimized trajectories and the 
actual measured ata points. The difference has to 
be ascribed mainly to the temperature effect: the 
dielectric constants used are those obtained at 
room temperature whereas the silicide growth 
occurs at higher temperatures. Errors will be 
introduced by this shift; however, since the shifts 
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Fig. 2. Thickness of the non-consumed layer (d~) as a tunc- 
tion of the TiSi layer thickness (d2) as calculated from the 
data of five experiments. 
are systematic, the errors in the optimized param- 
eters dl and d 2 will also have a systematic charac- 
ter. It is obvious that optimizing this fraction will 
yield erroneous results if the layers are allowed to 
contain a variable voids fraction. 
3. Discussion 
From a simple consideration of the mass trans- 
port across an interface and through a layer we 
postulate that there are two growth modes: an 
interface-limited mode (d2oct) and diffusion- 
controlled mode (d~oct ~/2) [10, 11]. In Fig. 3 we 
have plotted d [  as a function of time for two 
samples and two temperatures. At T = 300 °C we 
see that (L 2 is proportional to t for both samples. 
In so far as we could study the growth process 
(there was already a thin 3-5 nm intermixed 
region [1]), we did not observe any trace of an 
interface-limited process. 
The growth rate is strongly increased on rais- 
ing the temperature to 350 or 370 °C. Initially at 
these temperatures a diffusion-limited growth is 
followed (dottel2); however, in both cases we 
find that the growth rate diminishes although the 
diffusion process has not yet terminated. Appar- 
ently there is a second, slow diffusion process 
which continues once the fast diffusion process 
has terminated. We will discuss this slow diffusion 
process later on and proceed now with the fast 
process. 
The diffusion coefficients at 300 °C and 
370 °C are 5x  l0 -~(' cm: s -~ and 2x  10 -~5 cm 2 
s 1 respectively. This is in good agreement with 
the result obtained by Chambers et al. [3], who 
found a value of approximately 7.5 x 10 ~6 cm 2 
s- ~ at T = 340 °C for a titanium layer grown from 
an evaporation source. Raaijmakers [5] has 
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Fig. 3. Squared thickness of the TiSi layer as a function of 
time for two temperatures. Two experiments are depicted. 
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studied the growth kinetics of the a-Si/sputtered 
titanium system; he found a diffusion coefficient 
of about 1.0 x 10- ~6 cm 2 S-1 at T--400 °C, 
Hence the intermixing process in the case of an 
evaporated titanium layer evolves roughly an 
order of magnitude faster than the interdiffusion 
of a-Si and sputtered titanium. Such a discrep- 
ancy is too large to be attributed to experimental 
errors and therefore it can be concluded that the 
reaction kinetics depends on the nature of the 
system. In particular, the deposition technique for 
the titanium layer is expected to affect the tita- 
nium film structure strongly, which in turn might 
affect he diffusion coefficient. 
From the two diffusion coefficients we can 
easily calculate the activation energy for the 
monosilicide formation. A value of 0.62 + 0.1 eV 
is found, which is somewhat smaller than the 
value reported by Chambers et al. [3], 
E~ = 1.0 _+ 0.25 eV. Other values have thus far not 
been reported in the literature, but for TiSi~ 
(C49) formation an activation energy of about 1.8 
eV is found [5, 17]. This higher activation energy 
for the TiSi 2 growth explains why the growth of a 
monosilicide is not observed at high tempera- 
tures. 
As we have stated, there are at least two diffu- 
sion-controlled growth mechanisms: a fast initial 
one succeeded by a slower second one. Further, 
we have seen that the diffusion rate is an order of 
magnitude higher than that for sputtered titanium 
layers. A possible explanation for both pheno- 
mena might be given by the microstructure of the 
titanium layer. 
With regard to high melting point metals, 
molecular dynamics [18, 191 shows that the 
adatom mobility is low for low substrate tempera- 
tures, allowing adsorbed atoms to move no fur- 
ther than to a neighbouring lattice site. Owing to 
this restricted lateral diffusion, a polycrystalline 
layer containing numerous lattice defects or even 
micropores or voids can be expected. A higher 
substrate temperature and a larger kinetic energy 
of the arriving atoms reduce the number of 
defects or improve the structure of the layer. This 
effect has recently been clearly shown by Yamada 
and Yoshida [20], who have studied evaporated 
titanium films grown at various substrate tem- 
peratures by means of R6ntgen diffraction. 
Therefore it can be expected that the deposited 
titanium layer is composed of extremely small 
grains or clusters a few nanometers in size, separ- 
ated by regions of disordered atoms. Heating 
such a layer should improve the crystaUinity or 
ordering of the atoms, which in fact is exactly 
what is observed [6, 7]. Moreover, sputtered tita- 
nium layers are expected to have a better struc- 
ture (larger grains) than that of evaporated films, 
since in the latter case the atoms arrive with little 
thermal energy, whereas puttered atoms do have 
a kinetic energy of the order of 1 eV. 
It is frequently suggested that grain boundaries 
provide short circuits for silicon diffusion 
through a metal ayer [2, 3, 10]. Hard proof, such 
as for some metal-metal systems [9, 21], is not 
available. However, if we assume that silicon dif- 
fusion is enhanced with diminishing film struc- 
ture, it offers an explanation for the two growth 
rates and for the anomalous low diffusion coeffi- 
cient found by Raaijmakers [5]. The presently 
studied layers have an extremely fine polycrystal- 
line or cluster structure. The initial silicon diffu- 
sion will prefer the disordered regions and a 
monosilicide will grow predominantly in the dis- 
ordered regions. This preferential growth will ter- 
minate owing to lack of disordered titanium, 
whereas the retarded in-diffusion into the 
ordered regions (grains or clusters) continues. 
This second process can be clearly observed in 
the absence of the fast diffusion. 
In our analysis of the experimental data we 
have applied a simple planar layer model. The 
discrepancy between this model and the pro- 
posed diffusion mechanism will be obvious, and 
therefore it is required to determine whether or 
not we can distinguish optically between the 
simple planar layer model and a more advanced 
model in better agreement with the proposed if- 
fusion mechanism. 
Once the silicon diffusion along the grain 
boundaries has reached the titanium surface and 
all the disordered titanium has been consumed, 
this growth mode terminates whereas the diffu- 
sion of silicon into the titanium grains or clusters 
continues. Since the grains near the interface are 
longer exposed to the high silicon concentration, 
they are converted to TiSi to a greater degree 
than are the grains near the surface. Therefore 
this final process of silicon diffusion into the 
grains is mainly observed near the surface of the 
sample, and if so, it looks like a mixing of titanium 
and TiSi above an already converted TiSi layer. 
We illustrated this process in Fig. 4. Such a pro- 
cess seems in better agreement with the proposed 
diffusion mechanism and can be modelled opti- 
cally. We have assumed that initially a normal 
layer growth commences, but that the final 5 nm 
of titanium are not consumed in a planar manner 
from below but mix homogeneously with TiSi; 
the Ti:TiSi ratio diminishes from unity to zero. 
Meanwhile, the volume expansion, or thickness, 
of this top region increases linearly with the TiSi 
amount. For these calculations we have applied 
the Bruggeman effective medium approximation. 
The trajectories in the A-q~ plane thus obtained 
for the final growth process are displayed by the 
chain lines in Fig. 1. From these results we see 
that these trajectories are only slightly affected 
and that it is difficult to distinguish between an 
ordinary planar layer growth and the presently 
discussed terminal stage. 
4. Conclusions 
In this paper we have studied the growth kine- 
tics of low temperature monosilicide growth. Sili- 
con transport is diffusion limited and a growth 
proportional to t ~/2 was observed. The diffu- 
sion coefficient at 300 °C is 5.0 x 10 ~6 cm 2 s 
and the activation energy 0.62 eV. This diffusion 
coefficient is approximately an order of magni- 
tude larger than that reported by Raaijmakers [5]. 
This large discrepancy may indicate that the sili- 
con transport is strongly affected by the titanium 
microstructure. 
Ak)M  
Fig. 4. Schematic illustration of Ti-TiSi mixing in the top layer. 
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Another peculiarity observed is the second, 
slow growth mechanism. The initial (fast) silicon 
diffusion is therefore tentatively ascribed to sili- 
con diffusion into the disordered regions in the 
evaporated titanium layer, whereas the final 
(slow) diffusion mechanism should correspond to 
the retarded diffusion of silicon in the ordered 
regions (grains). 
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